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Abstract
We perform an updated analysis on the searches for the anomalous FCNC Yukawa interactions between the
top quark, the Higgs boson, and either an up or charm quark (tqh, q = u, c). We probe the observability
of the FCNC top-Higgs couplings through the processes e−p → νet¯ → νehq¯ (signal.I) and e−p → νehb
(singal.II) at the proposed electron proton (ep) colliders, where the Higgs boson decays to a bb¯ pair. We
find that at the high luminosity (1 ab−1) ep colliders where the electrons have a polarisation of 80% and
electron energy is typical 60 GeV, the 2σ upper limit on Br(t → uh) are 0.15 × 10−2(2.9 × 10−4) at the
7TeV@LHeC(50TeV@FCC-eh) for signal.I and 0.15×10−2(2.2×10−4) for signal.II. We also give an estimate
on how the sensitivity (take signal.I as examples) would change when we reduce the electron beam energy
from 60 GeV to 50 GeV or even 40 GeV due to the cost reason. The conclusion is that the discovery
potential reduce 8.7%(29.4%) if the electron beam change from 60GeV to 50(40) GeV at the 7TeV LHeC,
and 16.8%(19.8%) at the 50 TeV FCC-eh.
∗ Corresponding author: haosun@mail.ustc.edu.cn haosun@dlut.edu.cn
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I. INTRODUCTION
The discovery of the Higgs boson at the Large Hadron Collider (LHC)[1][2] is a major step
towards understanding the electroweak symmetry breaking (EWSB) mechanism and marks a new
era in particle physics. The precise measurement of the Higgs boson and the top quark proper-
ties would provide the possibility of searching for the anomalous flavor changing neutral current
(FCNC) Yukawa interactions between them and either an up or charm quark (tqh, q = u, c).
According to the Standard Model (SM), FCNC processes are forbidden at tree level and very much
suppressed at higher orders due to the Glashow-Iliopoulos-Maiani (GIM) mechanism[3]. For in-
stance, the t → qh (q = u, c) branching ratio is of the order of ∼ 10−10 or even below. In models
beyond the SM (BSM), the GIM suppression can be relaxed, yielding effective tqh couplings orders
of magnitude much larger than those of the SM and therefore being detectable using current exper-
imental data. Observations of such anomalous top-Higgs couplings would provide a clear signal of
new physics. Examples of such model extensions [4] are, for instance, the Minimal Supersymmetric
Model (MSSM) with/without R-parity Violating [5–19], the two Higgs Doublet Model (2HDM)
[20–33], the Warped Extra Dimensions Model [34, 35], the Alternative Left-Right symmetric Model
(ALRM)[36], the Little Higgs with T parity Model (LHT)[37], the Quark Singlet model (QS)[38–40],
etc.
The searches for the anomalous FCNC top-Higgs couplings have been investigated at the LHC,
and the direct limits on the branching ratio are set from the collider experiments. The most stringent
constraint through direct measurements was reported by the CMS and ATLAS collaborations. They
have set upper limits on the FCNC couplings in the top sector through the top pair production, with
one top decaying to wb and the other assumed to decay to hq. The w boson is considered decaying
leptonically and the Higgs decaying either to two photons[41–43] or to bb¯[44, 45]. Combining the
analysis of the different Higgs decay channels, corresponding to 20.3 (19.7) fb−1 data at the center-
of-mass energy of 8 TeV for ATLAS (CMS), the 95% confidence level (C.L.) upper limits has found
to be Br(t→ uh) ≤ 4.5(5.5)× 10−3 [41] and Br(t→ ch) ≤ 4.6(4.0)× 10−3 [46]. In addition to the
direct collider measurements, indirect constrains on the anomalous tqh vertex can be obtained from
the low energy measurements in flavor mixing processes, like, for example, neutral meson oscillations
(K0−K¯0, B0−B¯0 and D0−D¯0) [47–49]. Typically, at one-loop level, the D0−D¯0 mixing observable
can receive sizeable contributions with such an unvanishing flavor violating tqh coupling[49]. Use
data observed on D0 − D¯0 mixing, the upper limit of Br(t→ qh) ≤ 5× 10−3 can be obtained. The
tqh coupling also affects the Z → cc¯ decay at the loop level and is therefore constrained by the
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electroweak precision observables of the Z boson[50]. On the phenomenological side the sensitivity
to these non-standard flavor violating couplings in the top sector has been explored in great details.
A lot of works have been done at the LHC, through top pair production [51–55], single top plus
Higgs production[4, 56, 57], and also single top plus W production[58]. Some have been done at the
e+e− colliders [59–63], and several at the ep colliders[64, 65]. Some other related studies include,
for example, Ref.[66], which derives model-independent constraints on the tqh couplings that arise
from the bounds on hadronic electric dipole moments.
In our present paper, we perform an updated study on the anomalous FCNC Yukawa interactions
at the ep colliders. A former study was performed in Ref.[64]. There we briefly reviewed the
search of this anomalous couplings at the basic parton level. A comparison between different
charge current(CC) and neutral current(NC) production channels were provided. There comes the
conclusion that the CC induced e−p→ νet¯→ νehq¯ (signal.I) production with γγ, bb¯ pair and τ+τ−
decays are the favored candidate channels. H→ γγ channel was chosen because of its demonstrated
high importance for inclusive Higgs boson studies, with a rather clean signature at the normal LHC.
However, for a Higgs boson mass around 125 GeV, e−p → νet¯ → νehq¯ production with h → γγ
decay at the ep collider, suffers from its small branching ratio (0.23%), thus is not the most favored
one. For h→ τ+τ− channel, the τ event reconstruction is not easy, thus not been concentrated on
here at this moment. In this paper we choose the h→ bb¯ mode which is more interesting than the
other channels. In addition to signal.I, we consider a second production e−p → νehb (singal.II).
Different from signal.I that the tqh couplings mainly come from the single top decays, in signal.II,
the couplings are induced through light quarks that directly emitting from the protons. We present
the discovery potentials from both channels and compare them with each other.
Our paper is organized as follows: Section 2 present a short description of the anomalous top-
Higgs FCNC couplings. Section 3 is arranged to present the analysis and numerical results in detail.
There comes the subsections include signal and background analysis, simulation and the discovery
potential, etc. The discovery potentials are compared with the LHC limits and the other studies.
Typically, its dependence on the electron beam energy is also presented due to the cost reason.
Finally we summarize our conclusion in the last section.
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II. THE ANOMALOUS TOP-HIGGS FCNC COUPLINGS
Considering the FCNC Yukawa interactions in the effective field theory framework, the SM
Lagrangian can be extended simply by allowing the following terms,
L = κtuht¯uh + κtcht¯ch + h.c., (1)
where κtuh and κtch are the real parameters and denote the flavor changing couplings of Higgs to
up-type quarks. Now we have mt minus mh larger than mc, mu and mb, therefore, in addition to
the usual decay mode t→ w±b, the top quark can also decay into a charm or up quark associated
with a Higgs boson. Similarly, the new tqh interactions can also affect the width of the Higgs boson,
through its additional decay into an off-shell top, that subsequently leads to a single w, namely,
h → u(c)(t∗ → wb) where t∗ denotes off-shell top quark. The total decay width of the top quark
(Γt) is
Γt = Γ
SM
t→w−b + Γt→ch + Γt→uh. (2)
Here ΓSMt→w−b is the normal top decay width in the SM. Its analytical formula up to next-to-leading
order(NLO) can be found in Ref.[67]. The t→ u(c)h partial decay width is given as[68]
Γt→u(c)h =
κ2tu(c)h
16pi
mt[(τu(c) + 1)
2 − τ2h ]
√
1− (τh − τu(c))2
√
1− (τh + τu(c))2 (3)
where τh = mhmt , τu(c) =
mu(c)
mt
. The total decay width of the Higgs boson(Γh) is given by
Γh = Γ
SM
h + Γh→u(t¯∗→b¯w−) + Γh→u¯(t∗→bw+) + Γh→c(t¯∗→b¯w−) + Γh→c¯(t∗→bw+). (4)
Here ΓSMh is the normal two body Higgs decay width in the SM. The terms related to the Higgs
boson three-body decays are numerically estimated with FFL-package[69]. Thus we have Γh '
ΓSMh +
∑t¯∗→b¯w−
q=u,c 0.28κ
2
tq +
∑t∗→bw+
q=u,c 0.28κ
2
tq ' ΓSMh +0.56(κ2tu +κ2tc) in unit of MeV. After assuming
the top quark decay width is dominated by the SM and neglecting the light quark mass, the
branching ratio for t→ qh is then approximately given by
B(t→ u(c)h) =
κ2tu(c)h√
2GFm2t
(1− τ2h)2
(1− τ2w)2(1 + 2τ2w)
KQCD ' 0.58κ2tu(c)h (5)
where τw = mwmt and GF is the fermi constant. The factor KQCD is the NLO QCD correction to
Br(t → qh), which is calculated to be KQCD = 1 + 0.97αs ' 1.1 by the results of high order
corrections to t→ wb[67] and t→ qh[70].
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III. PROCESS ANALYSIS AND NUMERICAL CALCULATIONS
A. The signal and background analysis
Here we start to present our study on the anomalous tqh couplings at the ep colliders. Ep
colliders are hybrids between the e+e− and pp colliders, which consist of a hadron beam with
an electron beam. They provide a cleaner environment compared to the pp colliders and higher
center-of-mass (c.m.) energies to the e+e− ones. Currently, the proposed ep collider is the Large
Hadron Electron Collider (LHeC) [71–74], which is a combination of 60 GeV electron beam and 7
TeV proton beam of the LHC. It can deliver up to 100 fb−1 integrated luminosity per year at a
c.m. energy of around 1 TeV and 1 ab−1 over its lifetime. This may later be extended to the future
circular electron-hadron collider (FCC-eh)[75], which features a 60 GeV (or maybe higher or maybe
lower) electron beam with the 50 TeV proton beam from the future circular hadron-hadron collider
(FCC-hh). This would result in a c.m. energy up to 3.5 TeV with comparable luminosities to the
LHeC[76]. There are a lot of works, for example, [77–83], etc, that have been done in the content of
new physics searches, based on such proposed colliders, in order trying hard to enrich the physics
motivations.
At the ep colliders, the first signal production which contains the top-Higgs FCNC couplings,
that we considered, can be written as
signal.I : e−p→ νet¯→ νehq¯→ νebb¯q¯, (6)
where q=u or c, which is the largest channel compare to the other productions[64]. In this case,
the five flavor scheme should be applied and an initial state bottom quark will collide with a w
boson to produce a single top, which decay anomaly to a Higgs and a light quark. The Feynman
diagram is plotted in Fig.1(left pannel for signal.I). As can be seen, the studied topology gives rise
to the EmissT +jets signature characterized by three(or more than three) jets and a missing transverse
momentum(EmissT ) from the undetected neutrino. Two of the jets should be tagged as B-jets. The
combination of the two B-jets should appear as a narrow resonance centered around the SM Higgs
boson mass. Together with the remaining light jet(s), they should be able to reconstruct a resonant
top quark.
The second channel we considered is
singal.II : e−p→ νehb→ νebb¯b. (7)
In this case, the FCNC tqh couplings are induced through light quarks that directly emitting from
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FIG. 1: Illustrated Feynman diagrams for the processes e−p → νet¯ → νehq¯ → νebb¯q¯ (signal.I) and
e−p→ νehb→ νebb¯b (signal.II) at the ep colliders that contain flavor changing top-Higgs interactions.
the proton, which is different from signal.I that the tqh couplings are coming from the single top
decays. At a first glance, this contribution may not small, because of the larger parton distribution
functions (pdfs) of light quarks that inside the proton. However, its cross section is found to be
much smaller than the first one, due to the suppression of the three body phase space integration
(before Higgs decay). There is another thing that may also be interesting and worth to be noticed.
Usually, the analysis between the t→ ch and t→ uh final states have similar acceptances. This is
true for our signal.I, but not for signal.II. For signal.II, the charm quark pdfs are much suppressed
than that of the up-quark, thus the analysis between t → ch and t → uh are quite different. In
our analysis, we only concentrate on t → uh mode as reference throughout this work. Even for
signal.I, we should comment that if the t → ch mode is considered, the charm mis-tagging rate
would also affect the signal acceptance. If so, one can use the technique based on studies in, for
example, Ref.[84], in order to differentiate the t→ ch and t→ uh decays. Considering the studied
topology, we require that there should be three tagged B-jets for our signal.II. This is indeed a
critical selection, by applying which the backgrounds can be strongly suppressed, thus providing
a much clean channel. This is the reason that signal.II is also included in our study, though its
production rate is small. Further more, we can find that in some case the discovery potential
through this channel can be even better than the former one. The related Feynman diagram is
plotted in Fig.1(right panel for signal.II). Both the signal channels are belonging to the charge
current productions at the ep colliders and their backgrounds are also quite similar, as which will
be discussed in the following.
The main backgrounds come from both the reducible and irreducible ones. The crucial irre-
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ducible backgrounds which yield exactly the same final states to signal.I are listed bellow. See,
e−p→ νe(h→ bb¯)j (8)
e−p→ νe(z→ bb¯)j (9)
which contain three QED couplings, are noted as “bakh” and “bakz” respectively,
e−p→ νe(g→ bb¯)j (10)
which contains two QED couplings and two QCD couplings, is noted as “bakg”. Notice here and
bellow, j = g, u, u¯, d, d¯, c, c¯, s, s¯. One source of the most important potentially reducible
backgrounds is
e−p→ νejjj
e−p→ νejjb/b¯ (11)
due to a mis-identification of one or more of the final state light jets to B-jets. These processes
contain two QED couplings and two QCD couplings as well. We refer them as “bakjjj” (including
“bakg” backgrounds). Another source of reducible background is single top production. As can be
seen, the signal process studied in our paper is essentially single top production at the ep collider,
followed by a particular decay chain. This means that SM single top production and decay is an
important background to our signal production under consideration. We refer these backgrounds
as “bakt”. The production is
e−p→ νe(t¯→ (w− → jj)b¯). (12)
The produced top quark will decay to a w boson and a B-jet. The hadronic decay of the w boson
to non-B-jets final states, which might mis-tagged as a B-jet, make this background a dangerous
one. We have also looked into some neutral current (NC) production backgrounds:
e−p→ e−jjj
e−p→ e−jjb/b¯
e−p→ e−(g→ bb¯)j. (13)
These are NC multi-jet backgrounds ("bakejjj") and belong to reducible ones. Applying a no-lepton
selection, they can be strongly reduced and safely ignored, thus not considered. To be clear, we
present some Feynman diagrams for the backgrounds in Fig.2. Typically, Fig.2 (a),(b),(c),(d, e),(f)
and (g, h) correspond to bakh, bakz, bakg, bakjjj, bakt and bakejjj respectively. All the backgrounds
listed above are also belonging to the backgrounds of signal.II, but all are the irreducible ones, due
to a mis-identification of one or more of the final state light jets to B-jets.
7
FIG. 2: Some examples of partonic Feynman diagrams for the reducible and irreducible backgrounds
correspond to the signal.
B. The simulation
For the simulation of the collider phenomenology, we use FeynRules[85] to extract the Feynman
Rules from the Lagrangian. The model is generated into Universal FeynRules Output (UFO)
files[86] and then fed to the Monte Carlo event generator MadGraph@NLO[87] for the generation
of event samples. We pass the generated parton level events on to PYTHIA6.4[88] which handles
the initial and final state parton shower, hadronization, heavy hadron decays, etc. Then, we pass
the events on to Delphes[89] which handles the detector effect. The detector is assumed to have
a cylindrical geometry comprising a central tracker followed by an electromagnetic and a hadronic
calorimeter. The forward and backward regions are also covered by a tracker, an electromagnetic
and a hadronic calorimeter. The angular acceptance for charged tracks in the pseudorapidity range
−4.3 < η < 4.9 and the detector performance, in terms of momentum and energy resolution of
electrons, muons and jets, is based on the LHeC detector design [72, 74]. We use FASTJET[90] for
jet clustering. Jets are anti-kt clusted[91] with a cone of radius ∆R(j) =
√
∆η2 + ∆φ2 = 0.7(0.4)
at the LHeC(FCC-eh). The B-jet tagging technique is applied and the C(light)-quarks mis-tagging
rates as B-jets are included. We use NN23LO1[92][93] parton distribution functions for all event
generations. The factorisation and renormalisation scales for both the signal and the background
simulation are done with the default MadGraph5 dynamic scales. The electron polarization is
assumed to be unit for the unpolarized case, and the results may increase by a factor of 1+Pe if the
polarized electron beam is considered, where Pe is the degree of the longitudinal polarization of the
beam. Notice this is only true for CC productions at the ep colliders, while for NC production the
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results should be calculated correspondingly. We take Pe = 0.8 as the default value. We take all the
low flavored quarks, gluon and also the b-quark fluxes inside proton. In our numerical calculation,
the SM inputs are αMZ = 1/127.9, Gf = 1.1663787× 10−5GeV−2, αs = 0.1182, MZ = 91.1876GeV,
Mw = 79.82 GeV, Mtop = 173.2 GeV and Mh = 125.09GeV. Typical fixed value of κtuh = 0.1 is
chosen as the benchmark point if there is no other statement. To estimate the event rate at parton
level for the signal, we apply the following basic pre-selections:
pk0T ≥ 20 GeV,
|ηk0 | < 10, k0 = j, b, `,
∆R(k1k2) > 0.01, k1k2 = jj, j`, jb,bb, b`, (14)
where ∆R =
√
∆Φ2 + ∆η2 is the separation in the rapidity(η)-azimuth(Φ) plane, pj,b,`T are the
transverse momentum of jets, B-jets and leptons. The cuts are defined in the lab frame.
C. The cross sections and distributions
Before doing the full signal and background simulation, we present the cross section of the signals
(without Higgs to bb¯ decay) in order to provide a basic idea of its production rate. The proton
beam energy is chosen to be 7(50) TeV and the electron beam is 60 GeV as proposed. We show the
dependence of the cross sections σ in units of fb as a function of κtqh for three different cases:
• (I) κtqh = κtuh, κtch = 0
• (II) κtqh = κtch, κtuh = 0
• (III)κtqh = κtuh = κtch.
The results are plotted in Fig.3. The first three figures present the cross sections for signal.I and
the last three for signal.II. The lower two curves are the results at the LHeC and the upper two
ones are at the FCC-eh. As shown in the figures, the production rate enhance obviously when κtqh
is becoming larger. We can see that the cross section at the FCC-eh is around ten times larger
than that at the LHeC. From the first two figures of signal.I, we can see that the t→ uh (case.(I))
and t→ ch (case.(II)) final states have similar production rates. This is not the same for signal.II,
where the cross section in case.(II) is much smaller than that in case.(I), due to the small values of
the charm quark pdfs.
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FIG. 3: The cross sections for signal.I e−p → νet¯ → νehq¯ and signal.II e−p → νehb as a function of the
top-Higgs FCNC couplings κtqh at the 7 TeV LHeC and 50 TeV FCC-eh. The electron beam is 60 GeV.
Now let’s study the signal and the backgrounds at the distribution level. After adopting the
basic cuts in Eq.(14), our sample selection for signal.I is simply
EmissT + 0 ` + ≥ 3 jets, (with 2 tagged B− jets). (15)
Taking the typical benchmark input for the signal (κtuh = 0.1), the expected cross section before
the selection is about 7.96(64.24) fb at the LHeC(FCC-eh), and 1.05(18.06)fb after it. In Fig.4,
we present some distributions, including the reconstruction of the top mass (Mtop) and the Higgs
mass (Mh), the transverse momentum distribution of the light jet (p
light−jet
T ), the top system (p
top
T )
and the Higgs (phT), the scalar sum of transverse momenta (HT), as well as the rapidity separa-
tion between the leading B-jet (one of which that reconstruct the Higgs boson) and the light jet
(∆ηBj1Lj3 ), and the rapidity-azimuth plane separation between the two B-jets that reconstruct the
Higgs boson (∆RBj1Bj3 ). In order to reconstruct the top system, we use two ways. One is we choose
three jets randomly, find the three ones with their invariant mass close to the top mass (Mj1j2j3)
and fill in the histogram. The second one is we find the B jets that reconstruct the higgs boson first,
and then find the light jet from the top system similarly (MBj1Bj2Lj3 ). The solid red curve is for the
signal production. We can find clear peaks around the Higgs mass and top mass, unfortunately,
both for signal and backgrounds. The dashed blue curves, dotted black curves, short-dash-dotted
violet curves and long-dash-dotted green ones are for bakt, bakh, bakz and bakjjj, respectively. All
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FIG. 4: Various kinematical distributions for signal.I and backgrounds at the FCCeh. The electron beam
is 60 GeV. Here κtuh = 0.1. Plots are unit normalized.
the plots are unit normalized. The results are for signal.I at the 50TeV⊕60GeV@FCC-eh, while for
the results at the 7TeV⊕60GeV@LHeC we can get similar ones thus not shown.
The analysis is similar for signal.II, where the selection is found directly to be
EmissT + 0 ` + ≥ 3 jets, (with 3 tagged Bjets). (16)
We choose the distributions which show good potential to separate the signal over backgrounds and
plot them in Fig.5. The first one is to reconstruct the top system using three random jets. We
expect, and do find a similar peak for the signal as for bakz and bakh backgrounds. However, there
seems still overlap between the signal and bakt background. The second distribution is the invariant
mass of the three B-jets system, instead of calling it the top system. In this case, the signal and
bakt background are no longer a peak but a bump, with some long tails especially for the signal.
Choosing two of the B-jets, we can reconstruct the Higgs boson in the third distribution. The forth
and fifth ones are ∆ΦhBj3 and pBj2T distributions where Bj1(2) is one of the B-jets that reconstruct
the Higgs boson. The most interesting distribution is the last one, pBj3T , the transverse momentum
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distributions for the B-jets which does not belong to anyone of the B-jets that reconstruct the
Higgs. There is a long tail for the signal in the large pt region, while for all the other backgrounds,
they seems prefer a forward B-jet (or a forward jet that faked as a B-jet), which drops quickly in
the low pt regions.
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FIG. 5: Various kinematical distributions for signal.II and backgrounds at the 50 TeV FCC-eh. The electron
beam is 60 GeV. Here κtuh = 0.1. Plots are unit normalized.
D. The selections and discovery potential at the ep colliders
1. The comparison between the two signal channels
We choose the optimized selections depending on the behavior of the distributions. For signal.I,
the optimized cuts are the mass windows of Mh, Mtop(Mj1j2j3), and the cuts on HT. The cross section
and significance dependence on the cut flows are shown in Table.I. Notice when the colliding energy
is different, the order of the optimized selections (corresponding to the significance from small to
large) and the values of cuts are not exactly the same. Which one is the best cut in each step
and what is the corresponding significance, are determined in a somehow automatic way, relying
on the machine computation. Finally, we find that, with the integrated luminosity of 1ab−1 at the
7TeV⊕60GeV@LHeC(50TeV⊕60GeV@FCC-eh), the significance is 5.9(30.0) for signal.I(κtuh = 0.1).
Here the significance is calculated by the following formula:
SS =
√
2[(n + b) log(1 +
n
b
)− n] (17)
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where n is the number of events and b is the number of backgrounds evaluated with the corre-
sponding integrated luminosity. We also find that among all the backgrounds, the bakt is indeed
the most dangerous one, and accounts for more than 70% of the total backgrounds. The question
about how to suppress the single top background efficiently at the ep collider would be interesting
to think of, where Ref.[56] may give some ideas. We leave this into a deeper study in the future
work.
7TeV⊕60GeV@LHeC
unpol.
σini
Basic cuts
≥3 jets with
2 tagged Bjets
Mj1j2j3 ∈
[110, 180]
Mh ∈
[105, 130]
HT ∈
[60, 185]
signal.I[κtqh = 0.1] 7.96 1.05 0.87 0.48 0.4
bakt 1321 60.9 33.82 6.4 3.33
bakh 92.27 15.8 3.27 1.32 0.82
bakz 70.73 10.0 2.88 0.08 0.03
bakjjj 21730 14.7 6.87 0.70 0.22
Total BG - 101.4 46.84 8.5 4.4
SS[1ab−1] - 3.28 4.0 5.19 5.9
50TeV⊕60GeV@FCC-eh
unpol.
σini
Basic cuts
≥3 jets with
2 tagged Bjets
HT ∈
[60, 175]
Mh ∈
[90, 125]
Mj1j2j3 ∈
[125, 170]
signal.I[κtqh = 0.1] 64.24 18.06 11.92 7.9 6.24
bakt 10660 1296.45 328.2 74.2 34.24
bakh 507.9 168.36 54.15 35.3 5.58
bakz 357 104.88 25.97 1.33 0.32
bakjjj 90070 203.20 41.79 1.98 1.08
Total BG - 1772.89 450.11 112.81 41.22
SS[1 ab−1] - 13.54 17.7 23.3 30.0
TABLE I: Cross sections (in unit of fb) and significance depending on the cut flows for signal.I e−p →
νet¯→ νehq¯→ νebb¯q¯ (κtuh = 0.1) and backgrounds at the 7TeV⊕60GeV@LHeC and 50TeV⊕60GeV@FCC-
eh. SS is evaluated with 1 ab−1 integrated luminosity. Polarization effects and systematic uncertainty are
not considered yet.
The optimized selections for signal.II include p
Bj(2,3)
T , ∆R
hBj3 and mass windows of Mh. The cut
flow dependence is shown in Table.II. Compare to signal.I, signal.II has one clear advantage, say, the
three tagged B-jets selection can reduce the backgrounds strongly. However, its small production
rate prominent it’s disadvantage, only 0.64(3.085) fb at the LHeC(FCC-eh) after the basic sample
selections. Considering 1 ab−1 luminosity, the significance is calculated to be 4.02(16.7), not small,
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showing good potential in the measurement of the anomalous tqh couplings. Actually, soon we may
find its discovery potential is already comparable to(at the LHeC) or even better(at the FCC-eh)
than signal.I.
7TeV⊕60GeV@LHeC
unpol.
σini
Basic cuts
3 tagged
Bjets
p
Bj3
T ∈
[200, 480]
Mh ∈
[100, 140]
p
Bj2
T ∈
[40, 140]
signal.II[κtqh = 0.1] 0.64 0.055 6.5×10−3 5.28×10−3 3.68×10−3
bakt 1320 1.806 0 0 0
bakh 92.27 0.175 0.55×10−3 0.554 ×10−3 0.185×10−3
bakz 70.73 0.086 2.12×10−3 0.283 ×10−3 0
bakjjj 21730 0.261 0 0 0
Total BG - 2.33 2.67×10−3 0.837×10−3 0.185×10−3
SS[1ab−1] - 1.14 3.1 3.71 4.02
50TeV⊕60GeV@FCC-eh
unpol.
σini
Basic cuts
3 tagged
Bjets
p
Bj3
T ∈
[265, 455]
∆RhBj3 ∈
[2.8, 3.5]
Mh ∈
[95, 120]
signal.II[κtqh = 0.1] 3.085 0.54 0.083 0.071 0.044
bakt 10660.0 101.1 0 0 0
bakh 507.9 8.82 0.005 0.002 0.0007
bakz 357.0 3.9 0.035 0.010 0
bakjjj 90070.0 12.61 0 0 0
Total BG - 126.4 0.04 0.012 0.0007
SS[1 ab−1] - 1.51 10.5 13.3 16.70
TABLE II: Cross sections (in unit of fb) and significance depending on the cut flows for signal.II e−p →
νehb → νebb¯b (κtuh = 0.1) and backgrounds at the 7TeV⊕60GeV@LHeC and 50TeV⊕60GeV@FCC-eh.
SS is evaluated with 1 ab−1 integrated luminosity. Polarization effects and systematic uncertainty are not
considered yet.
In Fig.6, the upper limit on Br(t → uh) at 99.99, 99.73, 95.40, 68.27% C.L. as a function
of the integrated luminosity at the 7(50) TeV LHeC(FCC-eh) with 60 GeV electron beam are
plotted. The dashed blue, solid black, dotted violet and dash-dotted red curves present 1σ, 2σ,
3σ and 5σ significance, respectively. The first two figures are for signal.I and the second two are
for signal.II. Our conclusion is that, for signal.I, at the high luminosity (up to 1ab−1) ep colliders
where the electrons have a polarisation of 80% and electron energy is typical 60 GeV, the 1σ, 2σ,
3σ and 5σ upper limit on Br(t → uh) are 0.075 × 10−2(0.14 × 10−3), 0.15 × 10−2(0.29 × 10−3),
0.22 × 10−2(0.43 × 10−3) and 0.38 × 10−2(0.72 × 10−3) at the LHeC(FCC-eh). For signal.II, the
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boundaries are becoming 0.064× 10−2(0.097× 10−3), 0.15× 10−2(0.22× 10−3), 0.26× 10−2(0.35×
10−3) and 0.53 × 10−2(0.68 × 10−3) at the LHeC(FCC-eh) respectively. We can see that signal.II
can even have better potential than signal.I at the FCC-eh due to its clean environment. Notice
here we use 5% systematic uncertainty for backgrounds yields only at both ep colliders.
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FIG. 6: The upper limit on Br(t→ uh) at 99.99, 99.73, 95.40, 68.27% C.L. as a function of the integrated
luminosity at the 7(50) TeV LHeC(FCC-eh) with 60 GeV electron beam for signal.I and signa.II. The
dashed blue, black solid, dotted violet and dash-dotted red curves present 1σ, 2σ, 3σ and 5σ significance,
respectively. 80% polarisation and 5% systematic uncertainty for backgrounds yields only are taken into
account.
2. The comparison with the other limits
Here we compare our discovery potential with the other studies. Some references present limit on
Br(t→ qh). For example, Ref.[62] probe the observability of the top-Higgs FCNC couplings through
the process e−e+ → t(→ `ν`b)t¯(→ qh). It is shown that the branching ratio can be probed down
to 1.12× 10−3 at 95% C.L. at the center-of-mass energy of 500 GeV with the integrated luminosity
of 3000 fb−1. This limit can be further improved when the polarizations of both lepton beams are
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included[63]. Ref.[58], present the study through the process pp → W−(→ `−ν¯`)h(→ γγ)j, and
show that the branching ratios Br(t → qh) can be probed to 0.16% at 3σ level at 14 TeV LHC
with an integrated luminosity of 3000 fb−1. Through some other channels, this limit can actually
be pushed to even lower values. As proposed in [94], at the High-luminosity(HL)-LHC, the 95%
CL upper limit Br(t→ qh) can be estimated up to the order of 2 ∼ 5× 10−4 by a scaling with the
luminosity, based on the studies in Ref.[53].
Some references present the limits on Br(t → uh), which we can easily compare with. As
shown in Ref.[55], through tt¯→W+b+qh→ `+νb+γγq channel at the LHC, the branching ratios
Br(t→ uh) can be respectively probed to 0.23% at 3σ level at 14 TeV LHC with L = 3000 fb−1. This
limits can be improved in Ref[56] where the authors apply a development version of HEPTopTagger
algorithm. They found that, through multilepton searches (th→ `+νb+`+`−X), vector boson plus
Higgs search (th → `+νb + τ+τ−) and fully hadronic search (th → jjb + bb¯), the limits are found
to be 0.22%, 0.15% and 0.36% by using 100 fb−1 of 13 TeV data.
Concerning our results, with 80% electrons polarisation, 1ab−1 integrated luminosity, and
5% system uncertainty from background yields only, the 3σ limits are 0.22 × 10−2 at the
7TeV⊕60GeV@LHeC and 3.5 × 10−4 at the 50TeV⊕60GeV@FCC-eh. Compare the limits we ob-
tained with the others, on one hand, our limits are better than the limits form the 8 TeV 20.3
(19.7) fb−1 data at the ATLAS (CMS), say, Br(t→ uh) ≤ 4.5(5.5)× 10−3 [41], on the other hand,
comparable to or even better than some phenomenological studies at the other colliders. In such
case the ep colliders may play an important role of double checks if the anomalous tqh couplings is
really discovered at the LHC or (HL)-LHC.
3. The sensitivity dependence on the electron beam energy change
In the above analysis we explore the potentials at the high luminosity (up to 1 ab−1) ep colliders
where the electrons have a polarisation of 80%. Electron energy is typical 60 GeV, but lower energies
are interesting due to the reason of cost. Therefore we give an estimate on how our sensitivity (take
signal.I as a example) would change when we reduce the electron beam energy from 60 GeV to 50
GeV or even 40 GeV. In Table.III we present the results at the 40 GeV and 50 GeV LHeC. Compare
to the 60 GeV LHeC, the significance is reduced from 5.9 to 5.37(4.52) for 50(40) GeV. A more
straight comparison is presented in Fig.7. The left panel is the 2σ Br(t → uh) limit as a function
of the luminosities. The solid black, dashed violet and dotted red curves are for the results of 60,
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7TeV⊕40GeV@LHeC
unpol.
σini
Basic cuts
≥3 jets with
2 tagged Bjets
Mtop ∈
[110, 180]
Mh ∈
[100, 130]
ht ∈
[85, 190]
signal.I[κtqh = 0.1] 4.52 0.55 0.46 0.30 0.24
bakt 749.7 28.0 16.8 3.95 1.92
bakh 57.68 9.1 2.1 1.07 0.59
bakz 45.84 6.06 1.94 0.073 0.03
bakjjj 15510 9.3 4.6 0.47 0.09
Total BG - 52.5 25.42 5.55 2.64
SS[1ab−1] - 2.4 2.9 4.0 4.52
7TeV⊕50GeV@LHeC
unpol.
σini
Basic cuts
≥3 jets with
2 tagged Bjets
Mtop ∈
[115, 180]
Mh ∈
[105, 130]
ht ∈
[75, 180]
signal.I[κtqh = 0.1] 6.22 0.79 0.68 0.37 0.31
bakt 1.032 43.8 25.7 4.6 2.42
bakh 75.25 12.5 2.8 1.1 0.66
bakz 58.54 8.1 2.5 0.06 0.026
bakjjj 18730 10.5 5.4 0.34 0.075
Total BG - 74.8 36.3 6.1 3.2
SS[1ab−1] - 2.88 3.54 4.74 5.37
TABLE III: Cross sections (in unit of fb) and significance depending on the cut flows for signal.I e−p →
νet¯→ νehq¯→ νebb¯q¯ (κtuh = 0.1) and backgrounds at the 7TeV⊕40GeV@LHeC and 7TeV⊕50GeV@FCC-eh.
SS is evaluated with 1 ab−1 integrated luminosity. Polarization effects and systematic uncertainty are not
considered yet.
50 and 40 GeV at the LHeC. In the right panel, we define a ratio as
δE =
BrEt→uh − Br60GeVt→uh
Br60GeVt→uh
. (18)
where E equal 50 or 40 GeV. The dashed violet curve is for δ50GeV and the dotted red one is for
δ40GeV. We see that when the energy of electron beam reduce from 60 GeV to 50(40) GeV, the
discovery potential is reduced around 8.7(29.4) percent. We also check that these numbers will not
change no matter we are using the 1σ, 2σ, 3σ or 5σ limits. So we conclude that the discovery
potential reduce 8.7%(29.4%) if the electron beam change from 60GeV to 50(40) GeV at the 7TeV
LHeC.
The same comparison is done in Table.IV for the 40 GeV and 50 GeV FCC-eh. Compare to the
60 GeV FCC-eh, the significance is reduced from 30.0 to 25.8(25.1) for 50(40) GeV FCC-eh(1 ab−1).
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FIG. 7: The left panel is the 2σ κtuh limit as a function of the luminosities. The solid black, dashed
violet and dotted red curves are for the 60, 50 and 40 GeV LHeC. The right panel is the ratio defined as
δE =
BrEt→uh−Br60GeVt→uh
Br60GeVt→uh
, where where E equal 50 or 40 GeV.
The similar ratio is plotted in Fig.8. It is found that when the energy of electron beam reduce from
60 GeV to 50(40) GeV, the discovery potential is reduced about 16.8(19.8) percent correspondingly.
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, where where E equal 50 or 40 GeV.
IV. CONCLUSION
In this paper we have investigated an updated analysis on searches for the anomalous flavor
changing neutral current(FCNC) Yukawa interactions between the top quark, the Higgs boson, and
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50TeV⊕40GeV@FCC-eh
unpol.
σini
Basic cuts
≥3 jets with
2 tagged Bjets
ht ∈
[75, 165]
Mh ∈
[90, 125]
Mtop ∈
[120, 170]
signal.I[κtqh = 0.1] 44.57 11.9 8.2 5.41 4.56
bakt 7393 762.9 207.8 45.9 25.0
bakh 377.4 114.0 39.3 25.3 5.2
bakz 267.8 71.9 19.4 0.9 0.26
bakjjj 68370 127.6 32.7 2.3 0.96
Total BG - 1076.4 299.2 74.4 31.42
SS[1 ab−1] - 11.5 15.0 19.6 25.1
50TeV⊕50GeV@FCC-eh
unpol.
σini
Basic cuts
≥3 jets with
2 tagged Bjets
ht ∈
[80, 185]
Mh ∈
[90, 125]
Mtop ∈
[125, 170]
signal[κtqh = 0.1] 54.67 15.18 10.4 6.8 6.0
bakt 9074 1028.6 311.8 72.1 43.2
bakh 445.5 141.9 52.0 34.3 7.43
bakz 314.3 89.0 24.9 1.2 0.43
bakjjj 79610 170.5 42.2 2.2 1.1
Total BG - 1430.0 430.9 109.8 52.16
SS[1 ab−1] - 12.7 15.8 20.4 25.8
TABLE IV: Cross sections (in unit of fb) and significance depending on the cut flows for signal.I
e−p → νet¯ → νehq¯ → νebb¯q¯ (κtuh = 0.1) and backgrounds at the 50TeV⊕40GeV@FCC-eh and
50TeV⊕50GeV@FCC-eh. SS is evaluated with 100 fb−1 integrated luminosity. Polarization effects and
systematic uncertainty are not considered yet.
either an up or charm quark (tqh, q = u, c). We probe the observability of the FCNC top-Higgs
couplings through the process e−p → νet¯ → νehq¯ (signa.I) and e−p → νehb (signal.II) at the
ep colliders where the Higgs boson decays to a bb¯ pair. We perform the results from the cut-
and-count based method. Our results show that with 80% electrons polarisation, 1ab−1 integrated
luminosity, and 5% system uncertainty from background yields only, the 3σ limits are 0.22×10−2 at
the 7TeV⊕60GeV@LHeC and 3.5× 10−4 at the 50TeV⊕60GeV@FCC-eh. These limits are, on one
hand, better than the current limits for the experiments, on the other hand, comparable to or even
better than some phenomenological studies at the other colliders. We also give an estimate on how
our sensitivity (take signal.I as a example) would change when we reduce the electron beam energy
from 60 GeV to 50 GeV or even 40 GeV due to cost reason. The conclusion is that the discovery
potential reduce 8.7%(29.4%) if the electron beam change from 60GeV to 50(40) GeV at the 7TeV
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LHeC, and 16.8%(19.8%) at the 50 TeV FCC-eh. In summary, we give a detailed overview on the
searches potential for the anomalous top-Higgs couplings at the ep colliders including the LHeC as
well as the FCC-eh.
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